As senescence develops, cells sequentially acquire diverse senescent phenotypes along with simultaneous multistage gene reprogramming. It remains unclear what acts as the key regulator of the collective changes in gene expression at initiation of senescent reprogramming. Here we analyzed time series gene expression profiles obtained in two different senescence models in human diploid fibroblasts: replicative senescence and H 2 O 2induced senescence. Our results demonstrate that suppression of DNA methyltransferase 1 (DNMT1)-mediated DNA methylation activity was an initial event prior to the display of senescent phenotypes. We identified seven DNMT1-interacting proteins, ubiquitin-like with PHD and ring finger domains 1 (UHRF1), EZH2, CHEK1, SUV39H1, CBX5, PARP1, and HELLS (also known as LSH (lymphoid-specific helicase) 1), as being commonly down-regulated at the same time point as DNMT1 in both senescence models. Knockdown experiments revealed that, among the DNMT1-interacting proteins, only UHRF1 knockdown suppressed DNMT1 transcription. However, UHRF1 overexpression alone did not induce DNMT1 expression, indicating that UHRF1 was essential but not sufficient for DNMT1 transcription. Although UHRF1 knockdown effectively induced senescence, this was significantly attenuated by DNMT1 overexpression, clearly implicating the UHRF1/DNMT1 axis in senescence. Bioinformatics analysis further identified WNT5A as a downstream effector of UHRF1/DNMT1-mediated senescence. Senescence-associated hypomethylation was found at base pairs ؊1569 to ؊1363 from the transcription start site of the WNT5A gene in senescent human diploid fibroblasts. As expected, WNT5A overexpression induced senescent phenotypes. Overall, our results indicate that decreased UHRF1 expression is a key initial event in the suppression of DNMT1-mediated DNA methylation and in the consequent induction of senescence via increasing WNT5A expression. 3 The abbreviations used are: ROS, reactive oxygen species; RS, replicative senescence; HDF, human diploid fibroblast; DNMT, DNA methyltrans-
Cell senescence is a cellular fate in which mitotic cells progressively lose their replicative potential, eventually ceasing cell division. It has been proposed that cell senescence is an etiology of aging itself as well as of various aging-associated diseases, including cancer, Alzheimer's disease, and cardiovascular disease (1) (2) (3) . Senescent cells also exhibit various deterioration phenotypes, including an enlarged and flattened cellular morphology with low elasticity, increased reactive oxygen species (ROS) 3 generation, increased senescence-associated (SA) ␤-gal activity, and senescence-associated secretory phenotypes (1, 4) .
In our previous study of replicative senescence (RS) in human diploid fibroblasts (HDFs), we demonstrated that individual phenotypes develop at different stages of senescence rather than appearing simultaneously (5) . Moreover, time series gene expression profiles of RS indicate that stage-specific gene expression reprogramming is essential for stage-by-stage development of the senescent phenotype (5) . Interestingly, the initial gene expression reprogramming in RS occurs at a fairly early stage, prior to the appearance of the typical senescence marker SA-␤-gal. Little attention has focused on the initially reprogrammed genes because of their uncertain link to senescence. However, the initial reprogramming phase includes differential expression of over 1200 genes, with about 800 downregulated and 500 up-regulated genes (5) . This may include the causal event that triggers the presenescent condition, preparatory to senescence, and is likely controlled by master regulators.
In eukaryotic cells, DNA methylation is a key epigenetic modification that regulates gene expression and silencing. It most often occurs at the C5 position of cytosine, typically among the abundant CpG islands of a gene promoter region. CpG island hypermethylation is frequently linked to gene * This work was supported by National Research Foundation of Korea Grants 2012R1A5A2048183 and 2015R1A2A1A10055038. The authors declare that they have no conflicts of interest with the contents of this article. The raw data from the microarray experiments are available in the GEO database (http://www.ncbi.nlm.nih.gov/geo) under accession number GSE80322. 1 silencing, whereas hypomethylation is associated with gene transcription activation. DNA methylation patterns can vary throughout the life span of an organism, often changing to adapt to environmental conditions (6) . Aged tissues show global loss of DNA methylation in all genomic compartments (promoter, intergenic, intronic, and exonic regions) (7, 8) . However, hypermethylation on various tumor suppressor genes and Polycomb target genes has also been reported with age (9) . This suggests that aberrant DNA hypomethylation may be closely linked with a massive induction of diverse genes that accelerates the aging process. Correspondingly, the reversibility of such hypomethylation may be essential for maintaining the vitality of an organism. Humans exhibit two classes of DNA methylation activities executed by DNA methyltransferases (DNMTs): de novo methylation and maintenance methylation (10) . Executed by DNMT3a and DNMT3b, de novo methylation forms the initial DNA methylation patterns during embryogenesis. On the other hand, maintenance methylation restores and preserves the DNA methylation patterns after each cellular DNA replication cycle. DNMT1 copies the DNA methylation patterns to daughter strands during DNA replication (10 -12) and, thus, may be linked with senescence-associated epigenetic modifications.
Although DNMT1 possesses an enzymatic functional group that is critical for maintenance methylation, DNMT1 activity is delicately controlled by physical interactions with diverse proteins and posttranslational modifications (13) . Binding of PCNA to DNMT1 increases methylation activity (14) , whereas binding of ubiquitin-like with PHD and ring finger domains 1 (UHRF1) to DNMT1 facilitates recognition of hemimethylated DNA (15) . DNMT1 is acetylated by KAT5, deacetylated by HDAC1 (16) , phosphorylated by casein kinase 1␦/⑀ and AKT1 (17, 18) , and methylated by SETD7 (17, 19) . The overall integrated actions of these DNMT1-interacting proteins (DIPs) on DNMT1 contribute to maintenance methylation activity and the associated cellular phenotype. However, we do not yet clearly understand how DNMT1 and its interacting proteins are involved in senescence-associated gene reprogramming.
In this study, we analyzed time series gene expression profiles of 53 known DIPs in two different cell senescence model systems: replicative senescence and hydrogen peroxide (H 2 O 2 )induced senescence (HS) of human diploid fibroblasts. We further evaluated how these commonly regulated DIPs were related to DNMT1 expression and to DNMT1-associated senescent processes.
Results
Decreased DNMT1 Expression Leads to Loss of Maintenance DNA Methylation, Inducing Cell Senescence-We first induced senescence in HDFs using a subcytotoxic dose (250 M) of H 2 O 2 (Fig. 1A) and examined the corresponding changes in the expression of DNMT1, a key DNA maintenance methyltransferase. Both DNMT1 protein and mRNA levels were significantly decreased in the HS HDF model. In contrast, there were no detectable changes in the protein or mRNA levels of DNMT3A, a methyltransferase that is critical in de novo DNA methylation (Fig. 1, B and C) . Similar results were obtained in the RS HDF model ( Fig. 1 , D-F), suggesting that cell senescence is specifically linked to the loss of maintenance DNA methylation because of decreased DNMT1 mRNA expression. We then exposed young HDFs (with a doubling time of 2 days, DT2) to 5-aza-2Ј-deoxycytidine (5-AzC) for 5 days to block cellular DNA methylation activity-mainly maintenance methyltransferase activity. Subsequently, the HDFs exhibited senescent phenotypes that included gain of SA-␤-gal and induction of the major cell cycle inhibitory regulators p21 and p16 ( Fig. 1G ). Moreover, siRNA-mediated knockdown of DNMT1 alone was sufficient to induce HDF senescence ( Fig. 1H ). These results support the importance of specific loss-of-maintenance DNA methylation by DNMT1 suppression in senescence induction.
Expressions of Seven Common DIPs Decrease at the Same Early Time Point as DNMT1 during Senescence Development-
To evaluate when DNMT1 expression began to decrease during senescence development, we established a detailed time series in the HS model and performed a gene expression profiling analysis. Gene expression changes were normalized by subtracting the expression levels from the control experiment, and variable genes with a median absolute deviation of greater than 0.3 were filtered. Genes that were aberrantly expressed with a greater than 2-fold difference at any time point after H 2 O 2 treatment were considered to be differentially expressed with H 2 O 2 treatment (HS signature). This definition yielded 714 HS signature genes, including 310 that were up-regulated (HS_UP) and 404 that were down-regulated (HS_DOWN) ( Fig. 2A ). We next compared these signature genes with the four previously reported RS signature gene modules (5): G1, genes down-regulated genes after the early stage (earlier than DT3); G2, genes down-regulated after middle stage (DT3-DT7); G3, genes upregulated at middle and advanced stages (DT10-DT20); and G4, genes up-regulated genes at advanced and very advanced stages (over DT30). Overall, 77.8% of the HS signature genes were matched with RS signature genes. Of the 310 HS_UP genes, most were found in the G3 (25) or G4 (213) RS modules. Of the 403 HS_DOWN genes, most were found in the G1 (213) or G2 (105) RS modules (Fig. 2B ). The similarity of these gene expression profiles between the two different cell senescence models supports the appropriateness of these gene profiles for mechanistic investigation of senescence. Gene set enrichment analysis of the HS signature revealed substantial enrichment of cell cycle-related genes among the HS_DOWN genes ( Fig. 2C ).
Interestingly, DNMT1 expression began decreasing at the earliest time point, prior to the development of any clear senescent phenotype such as SA-␤-gal ( Fig. 2D , top of the heat map and bottom panels). We next analyzed the expression levels of previously reported DIPs (n ϭ 53) (13) . Among these DIP genes, seven were commonly found in both RS and HS signature genes: UHRF1, EZH2, CHEK1, SUV39H1, CBX5, PARP1, and HELLS. Unexpectedly, each of these seven DIPs showed progressive down-regulation in a pattern similar to DNMT1 (Fig. 2D ). In further experiments, we validated their protein expression levels ( Fig. 2E ). Collectively, these findings indicate that the decrease in DNMT1-mediated DNA methyltransferase activity observed during senescence development likely results from suppressed expressions of DNMT1 itself and of DIPs that
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probably play essential or auxiliary roles in promoting optimal DNMT1 activity.
UHRF1 Is an Upstream Regulator of DNMT1 Expression-DIPs reportedly control DNMT1 activity through physical protein interactions (13) . Here we further investigated whether any DIP contributed to regulating DNMT1 expression. Using siRNA-mediated knockdown, the seven DIPs were individually suppressed in HDF (DT2). Only UHRF1 knockdown led to decreased DNMT1 protein expression ( Fig. 3A) . Although UHRF1 suppression significantly down-regulated both mRNA and protein expression of DNMT1, DNMT1 knockdown did not alter UHRF1 expression ( Fig. 3 , B and C), indicating the role of UHRF1 as an upstream regulator of DNMT1 transcription. To verify the specificity of the effect of UHRF1 on DNMT1 expression, HELLS knockdown was used as a control (Fig. 3 , B and C). Interestingly, cDNA microarray analysis after UHRF1 knockdown in young HDFs showed down-regulation of six DIPs (all except CHEK1) (data not shown), suggesting that UHRF1 could potentially be a master regulator of DNMT1 and the DIPs. However, UHRF1 overexpression in HDF (DT5, stage with decreased UHRF1 expression) did not increase DNMT1 mRNA and protein expression ( Fig. 3D ). These findings indicate that, as an upstream regulator, UHRF1 is essential but not sufficient for DNMT1 expression. To date, there is no clear evidence to support the role of UHRF1 as a direct transcription regulator. However, DNMT1 promoter activity was significantly decreased by siRNA-mediated UHRF1 suppression ( Fig. 3E ), further supporting regulation of DNMT1 transcriptional activity by decreased UHRF1 expression. Interestingly, siRNA-mediated UHRF1 suppression increased the intracellular ROS level (Fig. 3F ), and DNMT1 promoter activity was decreased by the augmented intracellular ROS upon exposure to exogenous H 2 O 2 (Fig. 3, G and H) . These results suggest that decreased UHRF1 expression indirectly down-regulates DNMT1 transcription via ROS generation.
UHRF1 Suppression Effectively Induces Senescence through DNMT1 Down-expression-We next confirmed that UHRF1 knockdown in young HDFs (DT2) induced senescent phenotypes, including SA-␤-gal, p21 and p16 induction, and intracellular ROS increase ( Fig. 4, A-D) . Compared with DNMT1 knockdown (Fig. 1D ), UHRF1 knockdown more effectively led to the gain of senescent phenotypes (Fig. 4A ). Unexpectedly, The UHRF1/DNMT1 Axis Regulates Cell Senescence MARCH 3, 2017 • VOLUME 292 • NUMBER 9 HELLS knockdown also induced senescent phenotypes but only slightly, implying that HELLS-mediated regulation of DNMT1 activity may partially contribute to senescence induction. Restoring the cellular DNMT1 level by overexpression effectively attenuated the senescence phenotypes acquired by UHRF1 knockdown, although not completely ( Fig. 4 , D-F). These findings suggest that UHRF1 is an effective upstream regulator of DNMT1 expression and, consequently, of senescence control.
WNT5A Is a Downstream Target of the UHRF1/DNMT1 Axis-Hypomethylation induced by DNMT1 suppression in a gene promoter may activate transcription of certain effectors to induce senescence. To screen for downstream effectors of the UHRF1/DNMT1 axis, we performed cDNA microarrays after knockdown of UHRF1 or DNMT1, analyzed the commonly upregulated genes, and finally matched the identified genes with the commonly up-regulated signature genes in the RS and HS models. This process identified the following six genes: WNT5A, LOXL4, PLA2G4C, PPP1R14A, SPINT2, and TACSTD2 ( Fig. 5A ).
We next examined whether expression of these six putative targets was truly regulated by DNA methylation. In young HDFs (DT2), we inhibited DNA methylation with 5 days of exposure to 5-AzC. This treatment significantly induced the mRNA levels of five genes (WNT5A, LOXL4, PLA2G4C, PPP1R14A, and SPINT2), whereas TACSTD2 was slightly induced with 2.5 M 5-AzC (Fig. 5B) , implying their transcriptional regulation by DNA methylation. Among the six tested genes, we focused on WNT5A because of its previously reported potential link to senescence (20) . As expected, the WNT5A protein level was dose-dependently induced by blocking DNA methylation using 5-AzC (Fig. 5C ). We additionally validated the increases in both WNT5A mRNA and protein in the senescent cells using a time series of the RS and HS models (Fig. 5, D and E) . Knockdown of either DNMT1 or UHRF1 clearly induced WNT5A protein expression, whereas HELLS knockdown showed a minor effect (Fig. 5F ). Overall, these results indicate that WNT5A is a downstream target of the UHRF1/DNMT1 axis.
Hypomethylation from Ϫ1569 bp to Ϫ1363 bp of the WNT5A Promoter Is Potentially Linked to Senescence-associated WNT5A Induction-Finally, to examine the DNA methylation status of the WNT5A promoter, we performed methylation-specific sequencing of four major CpG-rich regions, A to D. These regions were estimated by using the MethPrimer program to analyze the WNT5A promoter sequence from Ϫ1668 bp to ϩ767 bp from the WNT5A transcription start (NC_000003.12) (Fig. 6A) . Unexpectedly, young HDFs (DT2) showed no significant cytosine methylation within the indicated CpG-rich regions B, C, and D (data not shown). Only region A, which is relatively distal from the transcription start, showed abundant cytosine methylation in young HDFs as well as decreased methylation in senescent HDFs (DT7) (Fig. 6B ). DNA methylation hot spots included three CpG dinucleotides located at Ϫ1490, Ϫ1483, and Ϫ1476 bp (marked as CpG sites 5, 6, and 7 in Fig.  6B ) from the WNT5A transcription start (Fig. 6B ). To further monitor the time series methylation status on this hot spot region of the WNT5A promoter, we performed methylationspecific PCR using both methylation-specific primers and nonmethylation-specific primers. During the RS process, the methylation status gradually decreased, whereas non-methylation increased (Fig. 6C ). As expected, WNT5A overexpression in young HDFs (DT2) induced senescence phenotypes without altered DNMT1 or UHRF1 expression, as evidenced by delayed AU, arbitrary unit. **, p Ͻ 0.01 versus siNC. E, HDFs (DT2) were transfected with siUHRF1 for 5 days. Intracellular ROS levels were monitored by flow cytometric analysis after staining cells with DCF-DA fluorescence dye (DCF fl). *, p Ͻ 0.05 versus siNC; **, p Ͻ 0.01 versus siNC. F, after an HDFs (DT2) was transfected with siRNA for UHRF1 (siUHRF1) for 24 h, the cells were transfected again with the pGL3-DNMT1-pro plasmid for 2 days and then subjected to a promoter assay. G, HDFs (DT2) were exposed to the indicated dose of H 2 O 2 for 2 days, and intracellular ROS levels were monitored. **, p Ͻ 0.01 versus no H 2 O 2 treatment. H, after an HDF (DT2) was transfected with the pGL3-DNMT1-pro or pGL3-basic plasmid (pGL3) for 24 h, the cell was exposed to the indicated dose of H 2 O 2 for 2 days and then subjected to intracellular ROS level analysis using DCF-DA fluorescence dye. *, p Ͻ 0.05 versus siNC or no H 2 O 2 treatment by Student's t test.
cell growth and p21 and p16 induction (Fig. 6, D and E) . Altogether, our results suggest that hypomethylation of CpG islands between Ϫ1569 and Ϫ1363 bp upstream of the WNT5A promoter increases WNT5A expression, eventually inducing senescence phenotypes.
Discussion
Compared with other degenerative cellular fates, including apoptosis and necrosis, the development of senescence shows relatively slower and more progressive acquisition. Moreover, senescence displays diverse cellular phenotypes, such as irreversible growth arrest (loss of cell division capacity), enlarged and flattened cellular morphology (increased cell mass and size), increased cell granularity, high ROS generation, gain of SA-␤-gal, and senescence-associated secretory phenotype induction and release, that do not develop simultaneously but, rather, manifest sequentially (5) . Although SA-␤-gal is considered a key senescence marker, it develops at a later stage. Other senescence phenotypes appear earlier and are progressively amplified. However, these earlier phenotypes and the initial FIGURE 5. WNT5A is a downstream effector of the UHRF1/DNMT1 axis. A, an HDF (DT2) was transfected with siRNAs for DNMT1 or UHRF1 for 3 days, and total cellular RNAs were subjected to a cDNA microarray and bioinformatics analysis. Up-regulated genes by DNMT1 knockdown and UHRF1 knockdown were matched with the up-regulated genes in the two HDF senescence models (RS and HS). The Venn diagram shows the number of the overlapping genes among DNMT1_UP, UHRF1_UP, RS_UP, and HS_UP. Six commonly up-regulated genes were identified. B and C, an HDF (DT2) was exposed to the indicated concentration of 5-AcZ for 5 days. B, messenger RNA levels were monitored by qRT-PCR. Con, control. *, p Ͻ 0.05 versus Con; **, p Ͻ 0.01 versus Con. 
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gene reprogramming have been scarcely investigated because of their ambiguous relationship with impending cellular senescence. We recently published bioinformatics data, including a detailed time series of the gene expression profiling of replicative senescence in HDF, which provides useful groundwork for further investigating this subject (5) . In this study, we further developed a time series for a stress-induced (H 2 O 2 -triggered) senescence model with the aim of identifying a common master regulator for initial gene reprogramming. We found that DNMT1, which can simultaneously regulate diverse gene expressions, was down-regulated as part of the earliest gene alterations, suggesting its potential role as a master regulator for the initial reprogramming and consequent senescent phenotypes. Although prior studies have reported global hypomethylation and DNMT1 involvement in senescence (7, 8, 21, 22) , this is the first investigation to pinpoint DNMT1 suppression as a primary event in senescence.
DNMT1 is essential for maintenance of DNA methylation activity, in which the gene expression program of the mother cell is imprinted to the daughter cell following cell division-a critical epigenetic modification. Thus, it is clear that loss of DNMT1 expression during senescence development could effectively reprogram gene expression patterns. Loss of DNMT1 expression occurs gradually, resulting in slow accumulation of hypomethylated regions on cellular DNA and generating progressive gene reprogramming. Hypomethylation of a gene promoter region allows gene transcription, suggesting that the hypomethylation resulting from DNMT1 loss is likely linked to the induction of certain genes that may control senescence. This raises the question of how stage-specific genes can be induced by random hypomethylation. Although DNMT1 possesses the key enzymatic activity for maintenance methylation, its DNA binding and methylation activities are exquisitely regulated by its protein-protein interaction with diverse proteins.
The actions of these specified DIPs and their additional interacting regulators may help determine the sensitivity to hypomethylation and target gene transcription.
Recently, Qin et al. (13) thoroughly reviewed the actions of 53 DIPs on DNMT1 activity. Among these 53 DIPs, we identified seven (UHRF1, EZH2, CHEK1, SUV39H1, CBX5, PARP1, and HELLS) that decreased in expression at the same time point as DNMT1 in both the RS and HS models. Interestingly, we found no DIPs with increasing expression. EZH2 reportedly recruits DNMT1 to target genes, thereby mediating promoter methylation (23) . However, EZH2 also antagonizes a subset of p53-regulated genes associated with cell senescence (24) , implying its irrelevance to direct senescence induction. Chk1 recruits DNMT1 to DNA damage sites (25) and directs both senescence and mitotic catastrophe in HCT116 human colorectal cancer cells (26) . SUV39H1 specifically interacts with both Dnmt1 and Dnmt3a in vitro (27) , and SUV39H1 downregulation is involved in senescence induced by ionizing radiation (28) . Heterochromatin protein 1␣ (HP1␣) is encoded from the CBX5 gene and specifically localizes to pericentric heterochromatin sites, whereas HP1␤ and HP1␥ localize to both heterochromatic and euchromatic sites (29) and interact with DNA methyltransferase (27) . PARP1 inhibits DNA methylation through the non-covalent interaction of its ADP-ribose polymers with Dnmt1 (30), and Parp1 Ϫ/Ϫ mice exhibit moderately faster aging compared with wild-type control mice (31) . HELLS (also named LSH1) forms a complex with DNMT1, DNMT3b, and HDACs, suggesting a role in transcriptional repression (32) . Additionally, LSH (lymphoid-specific helicase) delays senescence through p16 repression (33) . UHRF1 acts as an essential regulator of DNA methylation by binding to specific DNA sequences and recruiting DNMT1 (34) . In zebrafish liver tissue, UHRF1 overexpression drives DNA hypomethylation by causing Dnmt1 mislocalization or destabilization, triggering a MARCH 3, 2017 • VOLUME 292 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 3735 TP53-mediated senescence program (35) . These seven DIPs reportedly have diverse and sometimes controversial effects on DNMT1 activity and senescence. Overall, the collective loss of these seven DIPs, together with DNMT1, may contribute to effectively attenuating maintenance DNA methylation activity, supporting the importance of the loss of maintenance methylation activity in the initial induction of senescence.
Another unanswered question is which factor acts as the key upstream regulator suppressing DNMT1 transcription at the initial stage of senescence. We investigated whether any of the presently examined seven DIPs were involved in senescenceassociated DNMT1 suppression, although the DIPs are known to directly bind and modulate the methyltransferase of DNMT1. Unexpectedly, our results identified UHRF1 as an upstream regulator of DNMT1 transcription. UHRF1 belongs to a subfamily of RING finger-type E3 ubiquitin ligases and possesses ubiquitin ligase activity in addition to its activity in the direct recruitment of DNMT1 to specific DNA sequences. Although no clear evidence supports its direct role as a transcription regulator, UHRF1 could potentially ubiquitinate a transcription factor involved in DNMT1 expression, leading to the proteasomal degradation of the factor. Supporting this hypothesis, Ma et al. (36) recently reported that UHRF1 promotes non-degradative ubiquitination of p53 and suppresses p53-mediated transactivation. Another report demonstrated that p53 regulated DNMT1 expression by forming a complex with Sp1 on the DNMT1 promoter (37) , implying that UHRF1 may control DNMT1 transcription via modulating p53/Sp1 activity. Thus, the loss of UHRF1 may have powerful dual effects on DNMT1 activity, both inactivating DNMT1 transcription and promoting inefficient DNMT1 recruitment on its specific DNA sequence. Notably, UHRF1 suppression showed a greater influence on senescence induction compared with DNMT1 suppression alone, implying that UHRF1 suppression has unknown additional action in triggering senescence beside its DNMT1 control and supporting its powerful action in senescence control. A detailed study of the involvement of UHRF1 in transcriptional regulation of DNMT1 is currently underway.
DNMT1 suppression leads to DNA hypomethylation that can activate the transcription of multiple genes. Although some of these genes may be involved in senescence induction, others may be active in protection against senescence. The additional loss of UHRF1 may help DNMT1 select senescence-inducing genes. Thus, it is critical to identify target genes of the UHRF1/ DNMT1 axis that are essential in senescence induction. Our present efforts led to the identification of WNT5A as a true target of the axis and as a senescence trigger. UHRF1 was recently identified as a novel oncogene in primary liver cancer (35) , suggesting its potential role as a switch molecule between senescence and cancer. Overall, we conclude that UHRF1 loss is a key initial event in the inactivation of DNMT1 transcription and activity, thereby triggering senescence-associated gene reprogramming and subsequent senescent phenotypes.
Experimental Procedures
Cell Culture and Development of Senescence-Primary HDFs isolated from the foreskin of a 5-year-old boy by a method described previously (5) were cultured in DMEM supple-mented with 10% FBS (Invitrogen) and antibiotics (Invitrogen) at 37°C in a humidified incubator with 5% CO 2 . To develop RS of HDFs, confluent cells were continuously subcultured by being transferred evenly into two new dishes, and the numbers of population doublings (PDs) as well as the DT were counted as described previously (5) . To generate HS of HDFs, primary HDF cells (DT2) were treated with 150 M H 2 O 2 twice with a 12-h interval to induce stably senescence and further incubated for the indicated time periods.
Senescence-associated ␤-Galactosidase Activity Staining-SA-␤-gal activity was assayed at pH 6.0 as described previously (38) . The stain was visible for 12 h after incubation at 37°C. By counting the numbers of the blue-colored and total cells under using ImageJ software (National Institutes of Health), the percentage of the cells stained blue was estimated to represent the population of senescent cells.
Introduction of siRNAs and Plasmids into Cells-HDFs were treated with the siRNA duplexes and plasmids using Oligofectamine TM reagent (Invitrogen) and FuGENE HD (Roche Diagnostics), respectively, according to the instructions of the manufacturer. All siRNAs for targets, UHRF1 (#1, 5Ј-GCUGA-CCAUGCAGUAUCCATT; #2, 5Ј-ACUGCUUAGCGUCUG-AGAUTT), DNMT1 (#1, 5Ј-CGAGUCUGGUUUGAGAG-UTT; #2, 5Ј-GGAAUGGCAGAUGCCAACAGCTT), HELLS (#1, 5Ј-GUUGUUUAUCGCCUUGUUATT; #2, 5Ј-CAGCAA-AUACUAUCGAUCATT), CBX5 (5Ј-AGGAAUGAACAUG-AGACUUAATT), EZH2 (5Ј-GGAUAGAGAAUGUGGGUU-UAUTT), SUV39H1 (5Ј-ACCACAGAAACUUUGUACUA-GTT), PARP1 (5Ј-GGCAGAGGUGAAGGCAGAGCCTT), CHK1 (5Ј-GGUCUUUCCUUAUGGGAUACTT) and negative control (NC, 5Ј-CCUACGCCACCAAUUUCGUTT), were generated by Bioneer (Daejeon, Korea).
Construction of the Retroviral Vector and Production of Retrovirus-To generate a retroviral vector containing the DNMT1 gene, a cDNA fragment for DNMT1 was obtained from the pcDNA3/Myc-DNMT1 vector, which was provided by Prof. Tae-Young Roh (Postech), using EcoRI and NotI restriction enzymes and subcloned into the pMXs-IRES-GFP retroviral vector (Cell Biolabs, Inc., San Diego, CA). The cDNAs for UHRF1 and WNT5A were amplified by PCR using total cDNAs isolated from Chang cells and pcDNA-WNT5A (Addgene, Cambridge, MA), respectively. The primer sets (Bioneer) used for the cDNA amplification were as follows: UHRF1, 5Ј-CAGTTAACATGGGGGTTTTTGCTGTCCC and 5Ј-GACT-CGAGTCACCGGCCATTGCCGTA; WNT5A, 5Ј-CAGTTA-ACATGAAGAAGTCCATTGG and 5Ј-GACTCGAGT-CACTTGCACACAA. The amplified cDNA fragments were inserted into HpaI and XhoI sites of the pCMMP-MCS-IRES-RFP vector (Addgene).
To generate recombinant retrovirus, H29D cells, a modified 293T cell line, was cultured in DMEM (Invitrogen) as described previously (39) and transfected with retroviral plasmids containing target cDNAs using Lipofectamine reagent (Invitrogen). The virus-containing medium (supernatant) was harvested daily for 4 days. The harvested virus supernatant was filtered through a 0.45-m filter unit (UFC 920008, EMD Millipore Corp., Darmstadt, Germany) and stored at 80°C.
